The canopy water storage capacity and wettability of the plant material are significantly dependent on the condition of the leaf surface. The aim of the present research was an analysis of the influence of infection with oak powdery mildew, seasonal changes occurring on leaves and factors related to location on the surface of leaves and their hydrological properties. This study performed a series of experiments connecting the direct spraying of tree branches with simulated rainfall under laboratory conditions; an analysis of the content of aromatic hydrocarbons in leaves with the use of the chromatograph; and measurements of the angles of adherence of raindrops to the leaf surface. Degree of wettability was determined and, additionally, photographs were taken with a scanning electron microscope. The experiments were performed on common oak (Quercus robur L.) both in the city and in the forest, on two dates: in May and September. All series of measurements were done on healthy leaves and on leaves covered with oak powdery mildew (Microsphaera alphitoides Griff. et Maubl.) to various degrees. Oak powdery mildew has the largest influence on the canopy water storage capacity and on hydrophobicity. In September, the leaves retained an average of 7.2 g/g more water than in May; and, in the leaves from the city, the canopy water storage capacity was 3.1 g/g higher. A decreasing angle of inclination of raindrops to leaves testified to growing wettability and increased the amount of water retained in tree crowns. An additional analysis of SEM photographs points to a dependency of the canopy water storage capacity on the condition of the surface of leaves.
Introduction
In ecohydrology, the amount of rainwater retained on the tree leaves and woody surfaces is the phenomenon called canopy water storage capacity (S) [1] . The phenomenon plays a very important role in the water balance [2, 3] . The possibility that water interception amounts to 10-50% of the total rainfall was indicated by Crockford and Richardson [4] .
In the light of physical knowledge of the processes of wetting and retaining water on the surface of various bodies, and not just the plant material [5, 6] , it should be assumed that the wetting and entrainment of water on plant surfaces (and other terrestrial surfaces) during storms is influenced by leaf surface traits [7] [8] [9] [10] [11] and rainfall characteristics [12] . Field studies have estimated that the crowns of deciduous and coniferous trees are saturated by 0.5-8.2 mm of rainfall [2, 13, 14] . In this context, it may be repeated after Keim [15] that the crown's ability to retain water can be treated as a constant value only for a single rain while subsequent rains can modulate that ability. The residence time of precipitation in the different storage components varies significantly [16, 17] .
Due to the above statements, it is very important to determine which factors may affect an increase in the amount of water retained in the crown and which factors strongly reduce it.
Materials and Methods

The Research Area and Sampling
The subject of analysis were the leaves of common oak (Quercus robur L.). Samples were collected in the forest of Niepołomice Forest District (50.043310, 20.376773 ) and in Krakow city (50.064338, 19.943621 ). The average daily annual temperature for the region is 8.7 • C, while the average annual rainfall is 671 mm.
Samples were collected in spring (May) and in autumn (September). In each location and in each season, 10 healthy oak branches and 10 branches with various degrees of powdery mildew infection were sampled. Each branch was from a different tree, and the trees were around 30-40 years old. In May and September, the same trees were taken. In total, 120 samples (branches) were collected: 60 in the forest and 60 in the urban area.
Branches with a length of about 1 m were collected with pruning shears, in the middle of the height of the crown, on the north side of a tree to maintain repeatability. Each branch was transported separately. For the period of transport, the ends of the branches were protected with paraffin wax.
The experiment was carried out immediately after transport to the laboratory. The entire research process was repeated between 10 and 20 May and between 10 and 20 September.
Analyses of the Leaf Surface Condition
From the transported branches, random samples of leaves were picked for analysis with an electron microscope. The JEOL JSM5410 scanning electron microscope (SEM), (JEOL Ltd, Tokyo, Japan) was used.
Fragments of the leaves were fixed and then sprayed with gold. A series of photos in various ranges of magnification was made of such samples. The photos were used for additional discussion on the influence of the leaf surface condition.
The collected leaves were analyzed by gas chromatography to determine the content of major high-saturated aromatic hydrocarbons. Every leaf was flushed twice with 50 mL of hexane, then the hexane was filtered through a laboratory paper filter and evaporated to dryness. The mass of the dry residue and dry powder (on the filter) was measured. Dry samples were dissolved in acetonitrile (1 mL each), sonicated for 30 min, filtered and analyzed using HPLC. The Agilent Technologies 1260 system was equipped with a fluorescence detector and an Agilent Technologies Eclipse XDB-C18 5 µm, 4.6 × 150 mm HPLC column. The mobile phases were water (A) and acetonitrile (B) at a flow rate of 1 mL/min. The sample injection volume was 5 µL. Compounds were eluted using the following gradient: 0-5 min 20:80 A:B→13:87 A:B; 5-7.5 min holding at 13:87 A:B; and 7.5-15 min 13:87 A:B→0:100 A:B. Ten-point calibration curves were prepared for the following compounds: phenanthrene, naphtalene, pyrene, chrysene, benzo[a]pyrene, acenaphthylene, anthracene and fluoranthene. Since these compounds do not occur in nature, their total sum (SUM.PAH) was analyzed separately in the leaves collected in the city (U) and in the forest (F). These compounds were chosen because of their high content in industrial pollutants.
Leaves from the branches intended for an analysis of the effect of oak powdery mildew were scanned and the percentage of cover with the infection was determined using the SigmaScan v5 software (Gambit, Krakow, Poland).
Measurement of Contact Angles and Determination of Wettability
Simulated spraying was carried out at 21 • C (+/−1 • C). The temperature of the environment and water is very important for water density and the adherence of droplets, and that is why it was important to maintain constant conditions in the laboratory [22] . Using a manual micropipette (CLINIPET+ , PZ HTL S.A, Warsaw, Poland) with 0.5 mm inner needle diameter and a volume range of 0.5-10 µL, drops of 0.5 µL of distilled water were deposited. Outdropping (depositing of water) was continued until 10 drops were obtained in each analyzed case. The equipment used was the Canon Eos 450D camera (Canon, Tokyo, Japan) with the EF 100 mm f/2.8 Macro USM lens.
In the SigmaScan v5 software, the droplet inclination angle measurements were performed based on the photographs. The internal contact angle (Ang) between the droplet and the leaf was considered [21] . Wettability was determined based on the droplet inclination angles using the classification proposed by Aryal and Neuner [28] , where properties ranging from superhydrophilic, through well wettable and hardly wettable, to superhydrophobic are attributed to corresponding droplet ranges. A contact angle of up to 40 • 
Measurement of the Canopy Water Storage Capacity
Determination of wettability was supplemented by determination of the quantitative possibilities of retention of water from simulated rainfall, i.e., the canopy water storage capacity (S). The whole experiment was performed indoors in the absence of wind, under the conditions of controlled humidity (48%) and at the temperature of 21 • C. Rain simulation was performed on a 30-45 cm fragment of a harvested branch. The branches were weighed in a fresh state to obtain biomass (BM). Rainfall was simulated by spraying with a constant dose of water on a branch suspended on a fishing line with a weight attached. Weighing was repeated after spraying. The amount of water retained was calculated from the difference between the wet and the dry branch (A). The setting of branches during spraying was similar to their natural orientation on a tree [39] . A fixed dose of water, equal to P = 100.0 g, was assumed. Water in specified doses fell from a scaled container over the twig, and the intensity was constant throughout the rain duration, which provided comparable results for each case. Water spraying was made from a constant distance of 0.4 m. The canopy water storage capacity per biomass was calculated according to the formula used by Garcia-Estringana [1] : S = A/BM g water/g biomass. Biomass is a good predictor for calculating the canopy water storage capacity.
The simulated spraying and setting droplets on leaves was done using distilled water (Poch SA). The precipitation simulation method was described in the works of Klamerus-Iwan and Błońska [22] and Klamerus-Iwan et al. [40] .
Statistical Analyses
The quantitative variables analyzed did not have a normal distribution, therefore the comparison in two groups was performed using the Mann-Whitney test. Correlations between them were analyzed using the Spearman rank correlation coefficient. The strength of dependencies was interpreted according to the following pattern: |r| ≥ 0.9, very strong dependency; 0.7 ≤ |r| < 0.9, strong dependency; 0.5 ≤ |r| < 0.7, moderately strong dependency; 0.3 ≤ |r| < 0.5, weak dependency; and |r| < 0.3, very weak (negligible) dependency. The interpretation pattern follows Hinkle et al. [41] .
A multifactor analysis of the independent influence of many variables on the quantitative variable was performed by applying linear regression. The results are presented in the form of values of regression model parameters with a 95% confidence interval. The strength of the influence of individual variables was assessed using standardized parameters. The normality of distribution of the variables was examined using the Shapiro-Wilk test. The significance level of 0.05 was adopted in the analysis. Therefore, all p values below 0.05 were interpreted as indicating significant dependencies.
The analysis was carried out using the R software, version 3.4.4. R Core Team (R Foundation for Statistical Computing, Vienna, Austria) [42] .
Results
The canopy water storage capacity on 120 branches of common oak was tested in the experiment. Table 1 shows the average values of S. Each variant of surface variability was analyzed on 10 branches. Analyzing the presented results, we can see that all canopy water storage capacities are higher for branches taken in urban forest. In terms of the month in which samples were taken, the higher S was recorded in September for both locations. The effect of leaf cover of mildew mycelium is also pronounced. We observe that, regardless of the location and month of sampling, higher coverage with powdery mildew leads to higher S. The average value range for S is from 0.89 g/g for branches without powdery mildew, taken in May in the natural forest to 35.05 g/g for branches taken in September in the urban forest with mildew infection. To determine the influence of all factors assumed in the research hypotheses, analyses of individual factors were made and a multifactor analysis was carried out.
The Influence of Individual Factors on Canopy Water Storage Capacity (S)
3.1.1. The Influence of the Leaf Sample Location on S S did not have the normal distribution in the analyzed groups (p in the Shapiro-Wilk test below 0.05); therefore, the analysis was carried out using the Mann-Whitney test, and the diagram presents medians, quartiles and ranges of values ( Figure 1 ). The p value is greater than 0.05, therefore S does not depend on the location if we examine the individual impact of this factor (Table 2) . is also pronounced. We observe that, regardless of the location and month of sampling, higher coverage with powdery mildew leads to higher S. The average value range for S is from 0.89 g/g for branches without powdery mildew, taken in May in the natural forest to 35.05 g/g for branches taken in September in the urban forest with mildew infection. To determine the influence of all factors assumed in the research hypotheses, analyses of individual factors were made and a multifactor analysis was carried out.
3.1.1. The Influence of the Leaf Sample Location on S S did not have the normal distribution in the analyzed groups (p in the Shapiro-Wilk test below 0.05); therefore, the analysis was carried out using the Mann-Whitney test, and the diagram presents medians, quartiles and ranges of values ( Figure 1 ). The p value is greater than 0.05, therefore S does not depend on the location if we examine the individual impact of this factor (Table 2) . The location in which the samples were collected is related to the amount of pollution accumulated on their surface (Figure 1) . The results of the total amount of leaf pollution (SUM.PAH) with polycyclic aromatic hydrocarbons indicate that in May the pollution was on a very similar level of 913.9 μg/kg in the city and 894.5 μg/kg in the forest. In September, the amount of PAH in leaves sampled in the city reached 1773.1 μg/kg while in the forest was 1208.2 μg/kg. The location in which the samples were collected is related to the amount of pollution accumulated on their surface (Figure 1) . The results of the total amount of leaf pollution (SUM.PAH) with polycyclic aromatic hydrocarbons indicate that in May the pollution was on a very similar level of 913.9 µg/kg in the city and 894.5 µg/kg in the forest. In September, the amount of PAH in leaves sampled in the city reached 1773.1 µg/kg while in the forest was 1208.2 µg/kg. The values of canopy water storage capacity and wettability of leaves surface referred to changes on the surface of leaves, therefore, it is important to present the image generated by the scanning electron microscope (SEM) (Figures 2 and 3) . We can observe contaminated mycelial conidia of powdery mildew (Figure 2 The values of canopy water storage capacity and wettability of leaves surface referred to changes on the surface of leaves, therefore, it is important to present the image generated by the scanning electron microscope (SEM) (Figures 2 and 3) . We can observe contaminated mycelial conidia of powdery mildew (Figure 2 ). 
The Influence of Seasonality on S
The canopy water storage capacity did not have a normal distribution in the analyzed groups (p in the Shapiro-Wilk test below 0.05); therefore, the analysis was carried out using the Mann-Whitney test, and the diagram presents medians, quartiles and ranges of values (Figure 4) . The p value is lower than 0.05, which means that S depends on the month in which the samples were collected. In September, the canopy water storage capacity is higher (Table 3 ). 
The canopy water storage capacity did not have a normal distribution in the analyzed groups (p in the Shapiro-Wilk test below 0.05); therefore, the analysis was carried out using the Mann-Whitney test, and the diagram presents medians, quartiles and ranges of values (Figure 4) . The p value is lower than 0.05, which means that S depends on the month in which the samples were collected. In September, the canopy water storage capacity is higher (Table 3 ). In images from the scanning electron microscope, we can observe contaminated stomata (Figure 3a ) and the erosion of wax crystals (Figure 3b ).
The Influence of Mildew on S
S did not have the normal distribution in the analyzed groups (p in the Shapiro-Wilk test below 0.05); therefore, the analysis was based on the Spearman correlation coefficient. The correlation coefficient between S and mildew is statistically significant (p < 0.001), which means that these two characteristics depend significantly on each other. The correlation coefficient is at the level of 0.628. This dependency is positive, which means that the higher the mildew, the higher the S (Figure 5 ).
The way drops adhere to a leaf with mildew infection is shown in Figure 6 . In images from the scanning electron microscope, we can observe oak powdery mildew mycelium with fresh conidia (Figure 3) . coefficient between S and mildew is statistically significant (p < 0.001), which means that these two characteristics depend significantly on each other. The correlation coefficient is at the level of 0.628. This dependency is positive, which means that the higher the mildew, the higher the S (Figure 5) .
Multiple Factor Analysis of Factors Affecting S
The way drops adhere to a leaf with mildew infection is shown in Figure 6 . In images from the scanning electron microscope, we can observe oak powdery mildew mycelium with fresh conidia (Figure 3 ). Figure 6 . Photographs of raindrops retained on common oak leaves with different degrees of infection with oak powdery mildew.
The linear regression model showed that all analyzed factors, i.e., the date of sampling, location, the number of mildew infections, and the contact angle of raindrops, are independent predictors S (g/g) (p < 0.05). The mildew cover growing by each additional percent increases S by an average of 0.174 g/g. An increase of the angle of inclination (Ang) by each additional degree reduces S by an average of 0.072 g/g. In comparison with May, in September, S rises by an average of 7176 g/g. In comparison with the forest, in the city, S increases by an average of 3.115 g/g ( Table 4 ). The R 2 coefficient was 94.47% for this model. Standardized parameters (β) indicate the strength of the influence of individual variables on S (g/g). The strongest influence belongs to mildew, then to an almost equal degree to the month and the contact angle, while location has the weakest influence. A decreasing angle of inclination of the droplet to the leaf denotes increasing wettability, which means an increase in the canopy water storage capacity.
The Relationship between the Contact Angle and the Canopy Water Storage Capacity
The correlation coefficient between S and the contact angle is statistically significant (p < 0.0001); therefore, these two characteristics depend significantly on each other. The Spearman correlation coefficient is −0.91 and the strength of the dependency is very high. This dependency is negative, which means that, the larger the contact angle, the lower the S (Figure 7 ).
(g/g) (p < 0.05). The mildew cover growing by each additional percent increases S by an average of 0.174 g/g. An increase of the angle of inclination (Ang) by each additional degree reduces S by an average of 0.072 g/g. In comparison with May, in September, S rises by an average of 7176 g/g. In comparison with the forest, in the city, S increases by an average of 3.115 g/g ( Table 4 ). The R² coefficient was 94.47% for this model. Standardized parameters (β) indicate the strength of the influence of individual variables on S (g/g). The strongest influence belongs to mildew, then to an almost equal degree to the month and the contact angle, while location has the weakest influence. A decreasing angle of inclination of the droplet to the leaf denotes increasing wettability, which means an increase in the canopy water storage capacity.
The correlation coefficient between S and the contact angle is statistically significant (p < 0.0001); therefore, these two characteristics depend significantly on each other. The Spearman correlation coefficient is −0.91 and the strength of the dependency is very high. This dependency is negative, which means that, the larger the contact angle, the lower the S (Figure 7 ). The analyzed factors which affect S also have an influence on the contact angle. The influence of the location in which the samples were collected, of the date of sampling and of the degree of leaf cover with oak powdery mildew on the contact angle is presented in Table 5 . For the purpose of The analyzed factors which affect S also have an influence on the contact angle. The influence of the location in which the samples were collected, of the date of sampling and of the degree of leaf cover with oak powdery mildew on the contact angle is presented in Table 5 . For the purpose of clarity of presentation of the degree of oak powdery mildew infection, the areas covered by white coating were grouped in the following ranges: healthy or 0% cover, coating on up to 20% of the leaf surface, and coating on up to 80% of the leaf surface. A decreasing angle of inclination (Ang) of the droplet to the leaf testifies to growing wettability. The analyzed factors which affect S also have an influence on the contact angle. The influence of the location in which the samples were collected, of the date of sampling and of the degree of leaf cover with oak powdery mildew on the contact angle is presented in Table 5 . For the purpose of clarity of presentation of the degree of oak powdery mildew infection, the areas covered by white coating were grouped in the following ranges: healthy or 0% cover, coating on up to 20% of the leaf surface, and coating on up to 80% of the leaf surface. A decreasing angle of inclination (Ang) of the droplet to the leaf testifies to growing wettability.
Discussion
This study demonstrates that S (g/g) strongly depends on multiple spatiotemporal factors for a single species, including: phenology, setting, degree of mildew infection and hydrophobicity (Table 4) . In the univariate analysis, the location from which the samples were obtained turned out to be irrelevant. This means that the location has an impact on S but some factors related to the location itself reduce that impact. Undoubtedly, these factors include the degree of leaf cover with pollution and the type of pollution [43] as well as higher temperatures in the city, which affects individual characteristics [44] . The level of leaf contamination with aromatic hydrocarbons is very similar for both locations in May while in September the leaf PAH content was much lower in the natural forest, 1200 ug/kg, compared to the urban forest, 1773.1 ug/kg. The canopy water storage capacity for healthy leaves, i.e., ones without oak powdery mildew, sampled in May, both in the city and in the forest, amounts to an average of 1% of the total simulated precipitation. The angles of inclination of raindrops to the leaf surface are also similar: 153 • . This indicates that a tree's setting (in an urban or natural forest) does not directly influence S; rather, it influences other S-related variables (leaf hydrophobicity, mildew infection and/or PAH content).
The univariate analysis confirms a very strong impact of the month in which the samples were collected. An increase was observed in mean S, from 6.2% of total simulated rainfall in May to 20.6% in September; therefore, the age of a leaf and its phenological condition must not be neglected in ecohydrological research. A significant influence of the age of a leaf can also be seen in the angles of inclination of a raindrop to a leaf. An analysis of just the healthy leaves in May revealed the average contact angle of 153 • while in the samples collected in September the angle was 30 • . This indicates a change in wettability from superhydrophobic to superhydrophilic [28] . This conclusion confirms the previously observed interdependence of season, wettability and S [40] , and shows that seasonality, even under the influence of pollution or leaf diseases, plays a decisive role in the amount of water that can be stored in the canopy. On young and healthy leaves sampled in May, it was difficult to analyze the droplet inclination angle because the surface of those leaves was very strongly hydrophobic and the drops quickly drained from the surface (Figure 6 , Video S1).
A novelty in the present study is the linking of the canopy water storage capacity with oak mildew pathogens. The white mycelial coating increased S (Figure 6 ). For samples collected in the forest in May, for the 0% powdery mildew cover, S was on average 1% of the total rainfall; for the powdery mildew cover of up to 20%, S was up to 3%; and, for the cover of up to 80%, oak branches retained even up to 15% of all precipitation.
On young leaves, rainwater droplets only to adhered to the leaf surface in places covered by mycelium ( Figure 6 ). In September, along with the analogous increase in mildew cover on leaves, the S values grew from 11% to 25%. Therefore, we can see a distinct influence of leaf age, i.e., the month when a sample was collected for analysis [45] .
Favorable conditions for the formation of Microsphaera alphitoides conidia are sunny and warm springs and summers, while their germination requires moisture in the form of drops [34, 35] . By retaining more water from precipitation, the pathogen ensures favorable conditions for the development of mycelium.
A larger amount of precipitation retained by leaves infected with powdery mildew results from a change in surface conditions, becoming "rougher" compared to an uninfected leaf; and the surface condition as a material feature has a large impact on the amount of water retained not only by the plant material. Leaves with an 80% powdery mildew infection, sampled in the city in September, stopped an average of 35% of rainfall while those sampled in the forest retained 25% of rainfall. The corresponding inclination angle was 35.5 • and 23.6 • , respectively. This indicates that air pollutants may play a significant role in advancing oak powdery mildew infection. An additional analysis of photographs from the scanning electron microscope (SEM) showed that the texture of the oak mildew mycelium is responsible for a larger amount of pollution being caught by the mycelium conidia (Figure 2) . A smaller angle of inclination of raindrops to the leaf surface indicates greater adhesiveness. It may therefore be concluded that powdery mildew occurring in polluted areas may intensify the impact of pollution on the S and wettability of the plant material. Aromatic hydrocarbons themselves are hydrophobic and difficult to wash in water, but the experiments conducted reveal that a growing amount of pollution does not reduce the amount of water retained on the leaves. In addition, the SEM pictures ( Figure 3) show that the contaminants clog stomata, which should also affect a reduction of S; however, the experiment indicates the opposite relationship. This may be explained by the surface texture of leaves with high PAH content. Small particles sticking to the surface of the leaf increase the adhesion of droplets, which increases S and decreases the angle of droplets as a result of growing pollution, i.e., wettability increases ( Figure 2 ). Using leaf surface images is a very useful tool for diagnosing mildew coverage [46, 47] .
Although periods of high leaf wettability were observed in this study for mildew-covered leaves, the surface of healthy leaves from the same trees were superhydrophobic ( Figure 6 , Video S1).). In this case, it is said that the solid is absolutely unwettable (superhydrophobic) [48, 49] .
An analysis of factors that affect the S and wettability is of increasing interest to ecohydrologists [8, 29, [50] [51] [52] [53] . However, the mechanism of the adherence of water to the plant material is not yet fully understood [8, 9, 54] . Nevertheless, the amounts of water which are retained in the canopy of trees and which will not reach the forest floor cannot be disregarded either in research of catchment hydrology or in an analysis of physical characteristics of the plant material [55] [56] [57] .
The canopy water storage capacity and the amount of water transferred to the subcrown zone is particularly important in the restoration of desert ecosystems for xerophyticshurbs [58] . Determination of the size of the S is significant both for catchment hydrology [59], when modeling losses for interception [60] , and for determination of the physical characteristics of the plant material.
Conclusions
The present study shows how the process of leaf aging in urban versus natural forest settings with varying degrees of mildew infection affects canopy water storage capacity (S). We obtain important information that factors conditioning the ecohydrological properties of leaves are difficult to consider individually. Leaf age, in combination with the degree of fungal infection and polycyclic aromatic hydrocarbon (PAH) content, can mutually intensify or reduce wettability, thereby changing the rainfall retention capabilities of tree crowns.
The present research reveals that, along with age and the growing degree of pollution, common oak exhibits a higher canopy water storage capacity and greater wettability. The oak leaves collected in May are superhydrophobic, as visually apparent in the supplemental video. A novelty in this research is the fact that the degree of leaf cover with the pathogen that builds a hydrophilic mycelium on the leaf, namely oak powdery mildew, also increases canopy water storage capacity and wettability. Moreover, an analysis of scanning electron microscope images shows that the conidia of the fungus may lead to the capture of pollution from the air, by which oak is able to retain even more water. 
